Introduction
============

Ketamine (2-(2-chlorophenyl)-2-methylamino-cyclohexan-1-one) was first synthesized in 1962 as an anesthetic for human and animal therapeutic use.[@b1-dddt-9-717],[@b2-dddt-9-717] It is a noncompetitive N-methyl-D-aspartate (NMDA) receptor antagonist and binds to the phencyclidine receptor, thereby blocking the NMDA receptor channel.[@b3-dddt-9-717],[@b4-dddt-9-717] The sedative, amnesic, and analgesic properties of the drug have been well characterized due to its use as a recreational drug.[@b5-dddt-9-717],[@b6-dddt-9-717] Ketamine is also used recreationally as a "club drug",[@b7-dddt-9-717],[@b8-dddt-9-717] and there is a concern that ketamine may be used to facilitate sexual assault.[@b9-dddt-9-717] The use of ketamine as an antidepressant may not be well known but has seen low-dose ketamine emerge as a novel, rapid-acting antidepressant.[@b10-dddt-9-717] Anesthesiologists use ketamine predominantly as an anesthetic or induction agent and as an analgesic in acute and chronic pain -- until recently the two most important indications for ketamine treatment.[@b11-dddt-9-717] Studies performed by psychiatrists and behavioral scientists in patients with clinical depression, and studies in chronic pain patients showed that ketamine has significant and long-lasting antidepressant effects with a rapid onset of action.[@b12-dddt-9-717]--[@b14-dddt-9-717]

Metabolomics, a global, nontargeted approach to the study of biochemical processes and metabolic networks,[@b15-dddt-9-717] has been used to identify disease-specific metabolic profiles and biomarkers of central nervous system (CNS) disorders, including major depressive disorder.[@b16-dddt-9-717]--[@b18-dddt-9-717] Recent studies in patients with major depressive disorder have also investigated changes in metabolomic patterns produced by administration of selective 5-hydroxytryptamine (5-HT) reuptake inhibitors (SSRI) and performed pharmacogenetic analysis to identify glycine and glycine dehydrogenase as citalopram/escitalopram response markers.[@b19-dddt-9-717],[@b20-dddt-9-717] Gas chromatography (GC)--mass spectrometry (MS) is an analytic method used frequently in metabolomics studies to examine low-molecular-weight metabolites because GC-MS provides heightened equipment stability and user-friendly tools for data analysis.[@b21-dddt-9-717],[@b22-dddt-9-717] This paper evaluates, through the use of GC-MS-based metabolomics, the effect of ketamine abuse on the metabolic profiles of rats.

Material and methods
====================

Chemicals and reagents
----------------------

N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) and trimethylchlorosilane (TMCS) were purchased from Sigma-Aldrich Corp (St Louis, MO, USA). Methylhydroxylamine hydrochloride and pyridine were purchased from Aladdin Industrial, Inc (People's Republic of China). High-performance liquid chromatography (HPLC)-grade acetonitrile and n-heptane were purchased from Tedia Co, Inc (Fairfield, OH, USA).

Instrumentation and conditions
------------------------------

Agilent Technologies, Inc (Santa Clara, CA, USA) supplied the Agilent 6890N-5975B GC-MS. The column was a HP-5MS (0.25 mm ×30 m ×0.25 mm; Agilent). The GC oven was initially set at 80°C and was kept at this temperature for 5 minutes. The temperature was then gradually increased to 260°C at a rate of 10°C/min and then kept at 260°C for 10 minutes. MS detection was conducted first in EI mode with electron energy of 70 eV, then in full-scan mode with m/z of 50--550, and finally, by splitless injection mode.

Animal treatment and sample collection
--------------------------------------

Male Sprague Dawley^®^ rats, with weights of 250±20 g, were obtained from the Shanghai SLAC Laboratory Animal Co, Ltd (Shanghai, People's Republic of China). The animal license number was SCXK (Shanghai) 2012-0005. All thirty rats were housed at the Laboratory Animal Research Center of Wenzhou Medical University, Wenzhou, People's Republic of China, under the controlled conditions of a temperature of 22°C and a natural light--dark cycle. All experimental procedures were conducted according to the Institutional Animal Care Guidelines and were approved as ethical by the Administration Committee of Experimental Animals at the Laboratory Animal Center of Wenzhou Medical University.

Thirty male Sprague Dawley rats were randomly divided into two groups, the control group (n=15) and the ketamine abuse group (n=15). To create a model of ketamine abuse,[@b23-dddt-9-717],[@b24-dddt-9-717] the experimental group received a single intraperitoneal (IP) injection of ketamine hydrochloride dissolved in 500 μL saline, at 9 am each day. At the same time, the control group received a single IP injection of 500 μL saline. All rats were weighed every day to adjust the quantity of ketamine administrated. The rats in the ketamine group continued to receive a daily IP injection of ketamine (50 mg/kg) for 14 days. The rats in the control group received daily IP injection of saline for 14 days. Rats in the ketamine group presented with cataleptic immobility within 1 minute after administration of 50 mg/kg ketamine IP. This was followed by ataxia (head and body swaying) after about 15 minutes, then with falling over and staying still for approximately 1 hour until recovery.[@b24-dddt-9-717]

Urine samples were collected from the rats from the control group and ketamine group for 12 hours (from 8 pm until 8 am the following day) on day 7, 14, and 16, respectively. The urine samples were collected over ice into 0.1 mL of 1% sodium azide solution and then centrifuged for 10 minutes at 4°C. The supernatant was stored at −80°C until measurement.

Sample preparation
------------------

The 250 μL of acetonitrile was added to 100 μL of urine, kept in an ice bath for 15 minutes, and then, 10,000 g were centrifuged for 10 minutes at 4°C. Then, 150 μL of the supernatant were transferred to a GC vial and evaporated to dryness under a stream of nitrogen gas. Methoximation was carried out at 70°C for 24 hours after 50 μL of methylhydroxylamine hydrochloride (15 mg/mL in pyridine) was added. Finally, 50 μL of MSTFA (with 1% TMCS as the catalyst) was added and kept at 70°C for another hour, and then vortexed after adding 150 μL n-heptane.[@b25-dddt-9-717]

Data analysis
-------------

The GC-MS data was exported into Microsoft Excel^®^, with the peaks normalized to the total sum of spectrum prior to multivariate analyses. The resulting data was processed through principal component analysis and partial least squares discriminate analysis (PLS-DA) using SIMCA-P 12 software (Umetrics, Umea, Sweden). PLS-DA was used to reveal the differences in urine composition of two different groups; the corresponding loading plots, where each point represented a metabolite, were used to identify which variables contributed to the separation of the samples on the scores plot.

Statistical analysis
--------------------

Statistical analysis was carried out using SPSS for Windows software (Version13.0; SPSS, Inc, Chicago, IL, USA). Independent samples *t*-test was applied in order to detect significant differences in all metabolites between two groups. A *P*-value of \<0.05 was considered statistically significant.

Results and discussion
======================

Analytical characteristics of global profiling methods
------------------------------------------------------

[Figure 1](#f1-dddt-9-717){ref-type="fig"} provides the typical metabolic profiles of urine acquired through the GC-MS technique. Metabolic profile data pretreatment resulted in a final data set consisting of 56 metabolic features from GC-MS analyses. The six quality control samples first investigated the reproducibility of the metabolic features. The GC-MS analysis showed that more than 70% of the 46 metabolic features had a coefficient of variance (CV%) of no more than 30%. The endogenous metabolites in the urine were identified using the National Institute of Standards and Technology (NIST) 2005 MS database.

Metabolomics study
------------------

Principal component analysis of the results of ketamine abuse provided an unsatisfactory separation of data between the ketamine group and the control group. To improve the classification of the ketamine group and control group, we subsequently used a multivariate PLS-DA classification method to maximize metabolite variations and to identify the metabolites responsible for such variations.

Ketamine, a noncompetitive antagonist of the N-methyl-D-aspartate receptor, was developed in the 1960s as part of an effort to find a safer anesthetic alternative to phencyclidine.[@b26-dddt-9-717] It was used for the induction and maintenance of general anesthesia for more than 30 years. However, early reports of its untoward central effects, especially hallucinogenic and dissociative experiences in patients anaesthetized with ketamine, have limited its current use to pediatric, geriatric, and veterinary anesthesia.[@b23-dddt-9-717],[@b27-dddt-9-717]

Ketamine is rapidly metabolized in the liver, by microsomal enzymes, into a series of compounds among which norketamine and hydroxynorketamine are considered the most important.[@b11-dddt-9-717] However, norketamine, hydroxynorketamine, and ketamine were not observed in the full scan GC-MS profile of ketamine group rat urine. In order to explore the metabolic profile changes from ketamine abuse in rats during different time periods, we compared the PLS-DA for the GC-MS spectrum of the ketamine group, at day 7 and 14, with that of the rats in the control group ([Figure 2](#f2-dddt-9-717){ref-type="fig"}). The PLS-DA score chart ([Figure 2](#f2-dddt-9-717){ref-type="fig"}) showed the first principal components of the rats in the ketamine group (at 2 days after the final dose, ie day 16) that were distinguished from the rats in the control group. The corresponding load diagram at day 7 showed that the major metabolites that differed from the control group were pentaric acid, xylitol, butanedioic, alanine, ethanedioic acid, and D-glucose.

As demonstrated in [Figure 2](#f2-dddt-9-717){ref-type="fig"}, the PLS-DA scores for the ketamine group after administration of ketamine for 14 continuous days and the control group were different. The corresponding load diagram better distinguishes the metabolites of the two groups. [Figure 2](#f2-dddt-9-717){ref-type="fig"} shows that at day 14, the major metabolites that differed from the control group were ethanedioic acid, tetradecanoic acid, alanine, D-glucose, and heptadecanoic acid. As demonstrated in [Figure 2](#f2-dddt-9-717){ref-type="fig"}, the PLS-DA score showed that at 2 days after the final dose (day 16), the ketamine group and the control group differed. The corresponding load diagram better distinguishes the metabolites of the two groups. [Figure 2](#f2-dddt-9-717){ref-type="fig"} shows the major metabolites that differed from control group were propanoic acid, ethanedioic acid, L-proline, pentanedioic acid, benzeneacetic acid, d-ribose, hexanedioic acid, ribitol, xylitol, D-glucose, pentaric acid, and pyrazine.

Changes in metabolites
----------------------

The changes in the metabolites between the ketamine groups and their control group were shown in [Table 1](#t1-dddt-9-717){ref-type="table"}. Compared with the control group, the level of alanine, butanoic acid, glutamine, butanedioic, trimethylsiloxy, L-aspartic acid, D-glucose, cholesterol, acetamide, and oleic acid of the ketamine group increased after administration for 7 continuous days, while the level of 2,3,4-trihydroxybutyric acid, benzeneacetic acid, threitol, ribitol, xylitol, and glycine decreased. The level of alanine, ethanedioic acid, L-proline, glycerol, tetradecanoic acid, L-serine, L-phenylalanine, L-aspartic acid, d-glucose, cholesterol, heptadecanoic acid, and acetamide in urine of the ketamine group was increased at day 14, while the 2,3,4-trihydroxybutyric acid, benzeneacetic acid, d-ribose, threitol, ribitol, glycine, pyrazine, and oleic acid levels were decreased. D-glucose levels on day 7, 14, and 16 were all different from those of the control group; however, the direction of the change varied. The direction of change at day 7 and 14 was the same but on day 16 was different, maybe representing a withdrawal reaction.

Villaseñor et al[@b28-dddt-9-717] reported the plasma metabolomic patterns in patients receiving ketamine for the treatment of bipolar depression. The major observation was that the differences in the metabolomics patterns observed between patients who responded to treatment and those who did not were not produced by ketamine administration. Instead, the differences appear to set up a biochemical basis for the pharmacological response to ketamine. Thus, pretreatment metabolomics screening may be a guide to the prediction of response and a potential approach for the individualization of ketamine therapy in bipolar depression.[@b28-dddt-9-717] In this study, we found alanine, 2,3,4-trihydroxybutyric acid, benzeneacetic acid, threitol, ribitol, glycine, L-aspartic acid, D-glucose, cholesterol, and acetamide at different levels between the ketamine and control group. These findings may be useful new evidence in the study of ketamine abuse. Long-term ketamine abuse induces phosphorylation of transgelin in the bladder wall, and this might play an important role in the pathogenesis of ketamine-associated cystitis.[@b23-dddt-9-717] Additional prospective studies will be required to better understand these observations.

Conclusion
==========

These biomarkers (alanine, 2,3,4-trihydroxybutyric acid, benzeneacetic acid, threitol, ribitol, glycine, L-aspartic acid, D-glucose, cholesterol, and acetamide) were the additional evidence. We demonstrated that metabonomic analysis based on GC-MS could provide a useful tool for exploring biomarkers, to elucidate ketamine abuse in drug therapy.
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![Typical GC-MS total ion chromatogram of control group rat urine.\
**Abbreviation:** GC-MS, gas chromatography--mass spectrometry.](dddt-9-717Fig1){#f1-dddt-9-717}

![PLS-DA score results from rat urine samples (right), and the corresponding load diagram (left).\
**Notes:** Class 1= control group; class 2= continuous IP injection of ketamine at 7 days; class 3= continuous IP injection of ketamine at 14 days; class 4= continuous IP injection of ketamine at 2 days after the final dose (ie, day 16).\
**Abbreviations:** IP, intraperitoneal; PLS-DA, partial least squares discriminate analysis.](dddt-9-717Fig2){#f2-dddt-9-717}

###### 

Summary of the changes in relative levels of metabolites in rat urine as indicated by the PLS-DA loading plots and statistical analysis

  ID   Retention time (min)   Metabolite compound            Sample collection day                                                                         
  ---- ---------------------- ------------------------------ ---------------------------------------------- ---------------------------------------------- ----------------------------------------------
  1    12.338                 Alanine                        ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  2    13.239                 Propanoic acid                 --                                             --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  3    13.922                 Ethanedioic acid               --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  4    14.214                 L-proline                      --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  5    14.594                 Butanoic acid                  ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --                                             --
  6    14.669                 2,3,4-trihydroxybutyric acid   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  7    15.094                 Pentanedioic acid              --                                             --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  8    15.473                 Benzeneacetic acid             ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  9    15.846                 D-ribose                       --                                             ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  10   16.026                 Threitol                       ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  11   16.371                 Hexanedioic acid               --                                             --                                             ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  12   16.498                 Ribitol                        ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  13   16.571                 Xylitol                        ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --                                             ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  14   17.008                 Glycerol                       --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  15   17.763                 Pentaric acid                  --                                             --                                             ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  16   17.97                  Tetradecanoic acid             --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  17   18.166                 L-serine                       --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  18   18.227                 Glycine                        ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  19   18.403                 L-methionine                   --                                             --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  20   18.424                 Glutamine                      ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --                                             --
  21   18.608                 L-phenylalanine                --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  22   18.741                 Butanedioic                    ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --                                             --
  23   18.823                 Trimethylsiloxy                ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --                                             --
  24   19.131                 L-aspartic acid                ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  25   19.541                 D-glucose                      ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  26   20.275                 Pyrazine                       --                                             ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}
  27   20.872                 Cholesterol                    ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  28   21.322                 Heptadecanoic acid             --                                             ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  29   24.191                 Acetamide                      ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --
  30   25.601                 Oleic acid                     ↑[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   ↓[\*](#tfn2-dddt-9-717){ref-type="table-fn"}   --

**Notes:** The control group was compared with the ketamine group (continuous IP injection of ketamine for 14 days), using urine samples collected at 7, 14, and 16 days. Marks indicate the direction of the change, ie, ↓ for decrease, ↑ for increase, -- for no change.

*P*\<0.05 as indicated by the statistical analysis *t*-test.

**Abbreviations:** IP, intraperitoneal; PLS-DA, partial least squares discriminate analysis.
